We report on an improved method of visualizing domain wall strains in congruent ferroelectric crystals such as LiNbO 3 with Bragg x-ray topography. Using monochromatic synchrotron undulator radiation and a magnifying x-ray camera, we are able to image domains created by electric field poling, as well as the strain associated with the domains, in real time. With the application of an electric field, we observe unexpected domain wall deformations. Piezoelectric strains are also shown to create observable surface deformations. The deformations are precursors to 180° domain switching.
INTRODUCTION
X-ray topography is an effective way to observe domains in ferroelectric crystals [1] . The contrast between regions of opposite polarity is particularly high for congruent ferroelectrics such as LiNbO 3 or LiTaO 3 . It is possible to visualize domains, domain-induced strains, dislocations, and other significant defects at the same time. Recently, white beam Laue topography was used to demonstrate that crystal distortions in completely poled LiNbO 3 occurred as a result of the application of a strong electric field [2, 3] . These methods typically use collimated radiation and record the topographs by the exposure of high-resolution photographic emulsions. The emulsions give 1 µm or better resolution, but require lengthy exposures, chemical development, and viewing the negative image with an optical microscope.
We report here on improvements which permit us to conduct real-time x-ray topography on congruent ferroelectric single crystals. By combining monochromatic undulator radiation with a high-resolution microscopic x-ray camera, we have been able to observe images that show with good contrast all of the features mentioned above in LiNbO 3 . Furthermore, we are able to apply electric fields across sample crystals and observe the reversible real-time consequences in piezoelectric strain on domain behavior. The strain is clearly related to the geometry of the domains and indicates that strong deformations due to the applied field are occurring near the surface. The distortions are precursors to the growth or shrinkage, which occurs in the domains as the field exceeds the coercive field. 
EXPERIMENTAL METHOD
The experiments were carried out on the 1-ID Beamline of the Advanced Photon Source at Argonne National Laboratory. The general experimental layout is depicted in Fig. 1 . The beamline makes use of a Type A undulator followed by a symmetric Si(111) monochromator. The undulator and monochromator were tuned to a photon energy of 8.53 keV. The monochromatic flux was of the order of 10 13 photons/s after passing through slits which limited the beam size to approximately 1.5 mm x 1 mm.
Because of the small undulator source size and the high energy of operation of the Advanced Photon Source, the angular spread of radiation incident on any element of a diffracting crystal is very small, 1.4 µrad. It is because of the small source size and great distance of the undulator that further collimation of the incident beam was not necessary. This means that an asymmetric crystal monochromator is not required for x-ray topography-a distinct advantage.
The ferroelectric specimens were typically 3 cm x 3 cm sections of congruent LiNbO 3 wafers that were Z-cut and polished. The samples were further prepared by deposition of a 100 nm thick amorphous carbon film on both surfaces, to which electrodes were attached. The conductive films were deposited over 1 cm 2 in the center of the crystal, to leave an adequate nonconducting pathlength on either side. The crystals were completely poled as supplied, then they were partially reverse-poled at room temperature above the coercive field prior to the experiment. Domains were created that were visible in phase-contrast optical microscopy and which extended through the thickness of the wafer. The samples were mounted in the configuration shown in Fig. 1 . A current-limited voltage source is shown attached.
We obtained topographs from the symmetric (0 0 0 12) reflection of LiNbO 3 at a Bragg angle θ B =39.0°. The natural width of the Bragg reflection is 16.5 µrad. Therefore, strains that change the lattice angle locally by that amount or that change the lattice constant locally by 2×10 -5 will be readily visible. The extinction depth at the Bragg condition is 3.7 µm, so the topograph samples the condition of lattice planes which are near the surface, including dislocations and other defects. The polarization of the ferroelectric domains was parallel to the reciprocal lattice vector of this reflection.
The Bragg topographic images were recorded with a magnifying x-ray camera. The camera consists of a Gd oxysulfide sputtered fluorescent film deposited on a magnifying optical taper which is coupled to a cooled CCD detector with 12-bit readout accuracy. The fluorescent film was relatively insensitive to 3 rd harmonic radiation from the monochromator. The combination was capable of producing images with 6 µm resolution over a field of 3mm x 3mm. With the undulator flux and minimum filtering at the camera, we produced images with exposures as low as 33 ms.
The crystal specimens were mounted on an insulated stage in a 6-circle goniometer, and each run began with Bragg rocking curves over selected portions of the crystal. Images were then taken as the electric field was either raised monotonically or cycled manually to greater and greater fields of alternating polarity. This was done since the breakdown limit for a specimen with a given set of electrodes was unknown ahead of time. It was readily established that the reaction of the specimens to the applied field did not show any hysteresis. Furthermore, while specimens sometimes exhibited discontinuous changes in strain as the field was increased, they consistently displayed the same strained state for the same applied field. Fig. 2 (a) shows a topograph of the (0 0 0 12) Bragg reflection from a 500 µm thick specimen of congruent LiNbO 3 , with no applied field. The specimen has been partially reverse-poled to nucleate well-defined hexagonal domains along the c-axis of the crystal. The contrast between the domain and the surrounding poled background is due to the difference between structure factors in the unit cells of the two ferroelectric states. This is readily demonstrated because looking at the inverse reflection from the backside of the crystal gives reversed contrast.
EXPERIMENTAL RESULTS
In addition to the contrast due to the difference in structure factors between the original and inverted polarization, it is possible to see the effects of strain at the domain walls [4] . This is visible as a sharp change from dark to light, which occurs along the outline of some domains. Finally, dislocations and other defects are visible extending down to the extinction depth of the crystal. Fig. 2 (b) shows a topograph of the same crystal with the imposition of a potential across the electrodes of +3000 V (6,000V/mm). Several features are noticeable: (1) the domains appear to have grown at the expense of the surrounding material of the opposite polarization; (2) the domain walls have acquired a slightly convex shape; (3) the domain contrast has become greater (i.e. domains are darker); and (4) the dislocations between domains appear to be compressed. Fig. 2 (c) shows a topograph of the same crystal with the imposition of a potential across the electrodes of -3000 V (-6000 V/mm). With regard to the same features, we notice that: (1) the domains appear to have shrunk compared to their original size; (2) the domain walls have acquired a slightly concave shape; (3) the domain contrast has decreased (i.e. interior is lighter); and (4) the network of dislocations between the domains appears to have expanded. 
DISCUSSION
A comparison of the images in Fig. 2(b) and 2(c) would indicate that the domains have grown considerably as a result of the application of the positive potential and shrunk as a result of the negative potential. The applied fields, E=±6000 V/mm, are considerably lower than the coercive field for congruent LiNbO 3 , E c =20,000 V/mm [5] . Furthermore, the "growth" observed in the domains displays none of the required hysteresis. What appears to be growth or shrinkage is apparently magnification and demagnification due to a high degree of piezoelectric distortion, which is being applied to the lattice planes as a result of the application of the potential.
Calculations of the strain tensor give the displacement of the surface from equilibrium. For a z-cut crystal with a potential V applied in the z direction, δ 3 = η 3 V, where δ 3 is the displacement between the top and bottom of the crystal in the z direction [3] . For the 3m symmetry of LiNbO 3 , η 1 = η 2 =0. This results in a bulging ( E r parallel to P r ) or dimpling ( E r antiparallel to P r ) of the surface of the crystal. The bulging gives rise to a distortion which results in a magnification of the domain image but a geometric dispersion of the diffracted intensity. The dimpling gives rise to an effective demagnification of the diffracted beam with a geometric concentration of diffracted radiation from those areas. Using a coefficient for LiNbO 3 , η 3 = -0.0053 nm/V, we calculate a bulge on either side of the crystal of 7.95 nm at an applied voltage of -3000 V. The distortion is only dependent on the voltage and independent of the thickness of the crystal. The distortions create strain fields which are maximized at 180° domain walls where ∂δ 3 /∂z is a maximum.
This effect appears to be similar to the "focusing" effect which was reported previously in Laue diffraction from white beams [2, 3] . However, the authors of ref. 2-3 chose an unusual diffraction geometry which allowed them only to observe shear deformations and in only one dimension in unidirectionally poled material. They were thus not able to observe domain behavior under the action of an applied field. They also require a model of inhomogeneous deformations in their crystal, which does not appear to be the case here.
It is worth mentioning that the high photon flux of the undulator results in the injection of appreciable numbers of carriers in the crystal. At the Bragg condition, the reflectivity of the crystal is about 86%. The high energy photoelectrons generated by the absorption of the remaining photons in the insulator are thermalized by scattering into electrons and holes about the band gap. With the application of very high electric fields, these carriers ultimately cause an avalanche in the crystal, which effectively limits the field which can be applied while the beam is on. The avalanches typically destroy the quality of the crystal in the region bounded by the x-ray beam. The presence of carriers may partially screen the defects which give rise to the high internal field in congruent ferroelectrics.
In summary, using real time x-ray Bragg topography we have observed the behavior under an applied electric field of congruent ferroelectric LiNbO 3 to which electric field was applied to create 180° domains extending through the bulk of the crystal. We observe large piezoelectric strains which occur well below the coercive field and which show no hysteresis. The strain fields indicate two types of distortion that extend between domains and over the general volume of the crystal. The first type involves distortions parallel to the surface of the crystal which give the domains a convex or concave appearance, depending on the polarity of the applied field. The second type of distortion is visible as significant surface displacements, which lead to bulging or dimpling of the surface depending on the polarization of the underlying material. The displacements are visible as magnification or demagnification of surface features. This behavior indicates that the elastic strains leading up to 180° domain wall switching are interactive in a crystal which already has several domains, and that these effects become manifest at relatively low fields.
